The purpose of this study was to determine the effect of normoxic reperfusion and graded postis chemic reoxygenation on cerebral protein synthesis in a cell-free system. Ischemia alone produced a relatively small decrease (15-17%) in activity in all the subcellular systems studied. After a 15-min interval of normoxic reperfusion (75-90 mm Hg O2 in arterial blood), a 40% decrease (p < 0.01) in [14C]leucine incorporation was ob served. Reoxygenation with hypoxemic blood containing 37.5 mm Hg O2 at 0-5 min and 56 mm Hg O2 at 6--10 min of recirculation followed by 5 min of normoxic reperfu-Abbreviations used: eIF-2, eukaryotic initiation factor 2; PMS, postmitochondrial supernatant. 33:220-226 Cooper HK, Zalewska P, Kawakami S, Hossmann K-A, Kleihues P (1977) The effect of ischemia and recirculation on protein synthesis in the rat brain. J Neurochern 28:929-934 Cosgrove JM, Brown IR (1981) Characterization of an initiation cell-free protein synthesis system derived from rabbit brain. J Neurochern 36:1026--1036 Danielisova Y, Chavko M, Marsala M, Marsala J (1990) Post ischemic hypoxia improves metabolic and functional recov ery of the spinal cord. Neurology 40: 1125-1129
The recirculation phase post ischemia is charac terized not only by intensive synthesis and recovery of high-energy phosphates and their utilization for synthetic processes but also by the activation of detrimental factors that influence the primary initi ation steps of protein synthesis. These processes result in total polyribosome disaggregation and de pressed polypeptide synthesis as measured in vivo and in cell-free systems (Kleihues and Hossmann, 1971; Kleihues et aI., 1975; Cooper et aI. , 1977; Burda et aI., 1980; Morimoto and Yanagihara, 1981) . The severity and duration of the ischemia are apparently the main factors influencing the revers ibility of the initiation block. Evidence such as this indicates that a measurable component of ischemic anoxic brain injury occurs not as a result of the ischemia per se, but from reperfusion and reoxy genation of the brain or spinal cord (Chavko et aI., 1987) . sion resulted in a significant increase (p < 0.05) of poly peptide chain synthesis in vitro when compared with nor moxic reperfusion. The results obtained by this experi mental approach tend to show that graded postischemic reoxygenation could be used as a simple and effective neuroprotective tool that substantially diminishes the sec ondary postischemic damage in nervous tissue, including the newly synthesized proteins. Key Words: Cerebral is chemia-Graded reoxygenation-Protein synthesis Reperfusion injury.
Prevention of injury caused by reperfusion en hances the benefit gained by the application of in terventions aimed at diminishing the degree of dam age sustained post ischemia, damage that appears to be attributable in some degree to the destructive activity of oxygen free radicals. Peroxidative reac tions in traumatized or ischemic nervous tissue oc cur within 1-5 min post injury and reperfusion (Anderson et aI. , 1985) . Use of the rabbit spinal cord ischemia model of Zivin and Venditto (1984) showed that reduction of the oxygen tension in the early reoxygenation period by graded postischemic reoxygenation improved recovery. This improve ment was evident in a high-energy phosphate recov ery and neurohistopathological and neurological outcomes (Marsala et aI., 1989; Danielisova et al., 1991) ,
The aim of this study was to assess the efficacy of reducing the generation of oxygen free radicals in the first 15-30 min post ischemia on protein synthe sis by graded postischemic reoxygenation.
MATERIALS AND METHODS

Physiological studies
Twenty adult dogs weighing 15-25 kg were anesthe tized with sodium pentobarbital (20 mg/kg body weight i. v.), intubated, and ventilated with an N20/02 (4: 1) mix ture. Arterial blood samples were analyzed for pH, P aco2, and P a02 by a blood gas analyzer (Automatic Gas Check 940) and respirator adjustments were made to maintain P a02 within physiological limits (75-85 mm Hg). The dogs were then randomly divided into five groups (n = 4) and treated as follows: Group 1: control. On completion of a 45-min interval of ventilation with N20/02 (4:1), a 3-g sample of cerebral cortical tissue was removed from the area of the anterior and posterior sigmoid gyrus, placed in the ice-cold ho mogenization medium, and immediately assayed.
Group 2: ischemia. The thoracic aorta was isolated through a left thoracotomy. Global brain ischemia was produced by cross-clamping the left subclavian artery and brachiocephalic trunk at the point of their emergence from the aorta for 30 min without reperfusion. The cere bral cortex was sampled as described in group 1.
Group 3: ischemia/recirculation. After 30 min of is chemia, the clamps on both arteries (see group 2) were released and the brains reperfused for 15 min with venti lation continued on N20/02 (4:1, �82 mm Hg Pao2). Other procedures were as described for group 2.
Group 4: controlled reoxygenation. Procedures were as described in group 3, except that 2 min before the reper fusion was established, the respiratory gas ratio was changed: The Pao2 was reduced to 37.5 mm Hg. After 5 min of reperfusion, P a02 was increased to 56 mm Hg for 5 min, and then increased again to 82 mm Hg P a02 for 5 min.
Group 5: prolonged controlled reoxygenation. After 15 min of controlled reoxygenation as in group 4, an addi tional 15 min of normotensive reperfusion at a P a02 of 82 mm Hg was applied for a total of 30 min of reperfusion.
Biochemical analyses
Isolation of postmitochondrial supernatant. Five milli liters of homogenization medium of the following compo sition (final pH 7.55) was used for 1 g of brain tissue: Tris-acetate, 50 mM; sucrose, 0.32 M; potassium acetate, 140 mM; magnesium acetate, 4 mM; and 2-mercap toethanol, 7 mM. The initial centrifugation (15,000 g for 15 min at 4°C) was done to separate large cell debris, nuclei, and mitochondria from the postmitochondrial su pernatant (PMS). Preparation of free and membrane-bound ribosomes.
The PMS was layered over 2 ml of 1.56 M sucrose in a homogenizing buffer. After centrifugation (18 h, 210,000 g at 3°C; Beckman SW 41 Ti), the pellet that contained cytosolic free ribosomes was resuspended in a homoge nizing buffer. The uppermost layer of 1.56 M sucrose was used as a source of membrane-bound ribosomes. The top third of postribosomal supernatant was used as cytosol. Protein concentration was measured by the method of Bradford (1976) .
In vitro translation assays. Protein synthesis activity in PMS was measured by a modification of the method of Cosgrove and Brown (1981 Mans and Novelli (1961) .
Statistical analysis
Statistical comparison within dog groups were accom plished by unpaired t test. Between-group comparisons were done with an analysis of variance. When a signifi cant F value was identified, individual comparisons were made by unpaired t test using Bonferroni's correction for multiple comparisons. A p value of < 0.05 was considered significant. Figure 1 shows a scheme of controlled reoxygen ation (groups 3 and 4). Values of arterial blood Pco2 were 33-40 mm Hg and pH 7.2-7.45; EEG activity was flat before 45 s of ischemia.
RESULTS
The incorporation of radiolabeled e 4 C]leucine into polypeptide chains in a cell-free system based on free and membrane-bound ribosomes and PMS revealed that the reactions of all subcellular sys tems used were similar (Table O . Ischemia alone produced a relatively small decrease in activity (16.5% free ribosomes, 16.8% membrane-bound ri bosomes). Ischemia followed by 15-min reperfusion at normal P a02 decreased polypeptide synthesis by 40% in all three cell-free extracts. In group 4, this decline was significantly reduced (p < 0.05) by de creasing Pa02 to 37.5 and 56 mm Rg for the 10 min of reperfusion when compared with normoxic reperfusion. An additional 15-min normoxic reper fusion (group 5) produced no "delayed" decrease of incorporation when whole blood was introduced to the tissue after graded reoxygenation. The influence of GTP on incorporation of [1 4 C]leucine into trichloroacetate-insoluble material of PMS showed that in the range 2.0-2.5 mM GTP, differences between control values and "reperfu sion injury" values decreased markedly (Table 2) . Again, the most significant inhibition of protein syn thesis appeared during normoxic postischemic reperfusion (group 3), while both intervals of graded reoxygenation effectively counteracted the de crease in the rate of incorporation.
DISCUSSION
The importance and role of the protein synthesis renewal in complete functional and metabolic re covery of the brain in the postischemic period are evident from the findings that, in selectively vulner able regions of brain, continued protein synthesis decrease occurs prior to neuronal necrosis (Bodsch et aI., 1985; Thilmann et aI., 1986) . The functional recovery of the brain has been observed only in cases of recovery of protein synthesis (Kleihues et aI., 1975; Morimoto and Yanagihara, 1980. Postischemic inhibition of translation in CNS ap pears to be unaffected by the experimental model and animal species used (Kleihues and Rossmann, 1971; Cooper et aI., 1977; Burda et aI., 1980; Dienel et aI., 1980; Morimoto and Yanagihara, 1981) . The brain cortex was used because the early reaction of nervous tissue during ischemic-reperfusion attack is universal, and the cortex appears to be most sensi tive (Dienel et aI., 1980) . The effect of the proce dure used on the later changes in selective vulner able regions of the brain is worthy of future inves tigation.
Substantial changes in protein synthesis activity were observed during the early reperfusion period, which is characterized by reactive hyperemia (Rossmann et aI., 1973) . During this period total polysomal disaggregation to subunits and mono somes occurs (Kleihues and Rossmann, 1971; Kleihues et aI., 1975; Cooper et aI., 1977; Burda et aI., 1980; Morimoto and Yanagihara, 1981) . The block in initiation is caused by a cytosolic inhibitor that influences the initiation of protein synthesis (Cooper et aI., 1977; Burda et aI., 1980; Chavko et aI., 1987) . The action of a similar inhibitor, found in the CNS after administration of d-Iysergic acid di etylamide, was described by Brown (1986, 1987) .
At least two inhibitors regulating protein synthe sis at the initiation level are known to exist in sev eral types of eukaryotic cells (for review see De launay et aI., 1977; Ochoa, 1983; Proud and Pain, 1982; Wu et aI., 1983; Paniers and Renshaw, 1984; Gupta, 1987) . Their influence is attributable to their ability to phosphorylate the small (38-kDa) subunit of eukaryotic initiation factor 2 (eIF-2) and there fore to achieve the blockage of the ternary complex formation. Ternary complex formation is particu larly sensitive to the ratio of GDP to GTP (Dwyer and Wasterlain, 1980) . This negative influence can be prevented by adding (he intact eIF-2 or guanos ine nucleotide exchange factor or increasing the GTP concentration (Ranu, 1980 (Ranu, , 1982 Safer et aI., 1982; Konieczny and Safer, 1983; Chavko et aI., Values are means ± SO, expressed as dpm/mg protein (n = 4).
" Significantly different from control, p < 0.05. b Significantly different from reperfusion, p < 0.05.
1987
). The results presented by Ranu (1982) show that GTP blocks the phosphorylation of eIF-2 and also promotes the dephosphorylation of phosphory lated eIF-2. Thus, nonphosphorylated eIF-2 is available for resumption and maintenance of the protein chain initiation cycle. The mechanism of postischemic inhibition in CNS is currently unclear, but its appearance is di rectly related to the reperfusion-reoxygenation phase. The reintroduction of oxygen and O2 replen ishment in ischemic tissue result in a sudden burst of oxygen fr ee radicals (Granger et aI., 1986) . Oxy gen free radicals are an integral part of normal me tabolism, but usually their concentrations are accu rately controlled by complex intracellular reductive systems. Ischemic damage to tissue may interfere with normal cellular functions and establish suitable conditions for oxygen free radical formation while concomitantly reducing cellular defenses (Braughler and Hall, 1989) . The formation of super oxide radical by xanthine oxidase (McCord and Fri dovich, 1968 ) and the generation of other free rad icals can be blocked in ischemic-reperfusion exper iments by superoxide dismutase, catalase, and allopurinol (specific xanthine oxidase inhibitor) and their modifications or by some antioxidants (Cham bers et aI., 1985; Adkinson et aI., 1986; Lim et aI., 1986; Beckman et aI., 1989) . Accordingly, the deci sion was made to use the same postischemic proce dure to solve the problem of "recirculatory inhibition" of protein synthesis initiation. The sat isfactory results obtained by this experimental ap proach tend to indicate that graded postischemic reoxygenation could be a simple yet effective neu roprotective tool, substantially diminishing the sec ondary postischemic damage of nervous tissue, in cluding the newly synthesized proteins. 
